The ability to detect specific functions of uncultured microbial cells in complex natural communities remains one of the most difficult tasks of environmental microbiology. Here we present respiration response imaging (RRI) as a novel fluorescence microscopy-based approach for the identification of microbial function, such as the ability to use C 1 substrates, at a single-cell level. We demonstrate that RRI could be used for the investigation of heterogeneity of a single microbial population or for functional profiling of microbial cells from complex environmental communities, such as freshwater lake sediment.
Understanding the metabolic potential of natural ecosystems is key to understanding the biogeochemical transformations that drive environmental changes. Given the evidence that the majority of microbes have never been cultured, culture-independent methods, predominantly genomic approaches, have come to play a major role in ecological studies (1, 5, 6, 12) . In order to correlate genomics with ecosystem functioning, it is essential to focus on microbial populations/ cells based on their activities in situ and extract those for genomic explorations. The ability to detect and then select individual cells from a community that utilize specific substrates would be a powerful tool. Techniques such as Raman microscopy (7) and nanoSIMS (secondary ion mass spectrometry on the scale of nanometers) (4, 14, 15) are capable of detecting single cells in a community utilizing a specific labeled substrate. However, these approaches rely on specialized equipment that may be cost prohibitive for many laboratories, and in some cases due to sample fixation and harsh treatment, the identified cells could not be recovered for further exploration, such as cultivation or genome sequencing. Given the availability of fluorescence microscopes for most laboratories, a fluorescence technique would make such identification more accessible and allow analysis further downstream. A wide variety of fluorescence dyes is now available to estimate microbial diversity in nature or to study organization and function of microbes at a single-cell level, and a few of these dyes can be used for monitoring microbial cells in vivo in real time (13, 16, 18) . Recently, we described an approach based on the use of RedoxSensor green (RSG), as a nontoxic dynamic fluorescence indicator of bacterial reductase activity in combination with substrate stimulation and fluorescence-activated flow cytometry (FC)/cell sorting (10) . In this study, we have coupled substrate stimulation and RSG with fluorescence imaging to monitor respiration changes in individual cells. We call this technique respiration response imaging (RRI). In contrast to the flow cytometry-based method, RRI allows physiological profiling of single microbial cells and characterization of cell responses to a given substrate over time. Thus, this helps in identification of cells involved in a targeted metabolic process. We used methanol as an example of a single-carbon compound for detection of methylotrophic abilities among bacterial populations from the well-studied sediment of Lake Washington in Washington (2, 3, (8) (9) (10) (11) and demonstrated that it is possible to use RRI for direct functional profiling of environmental samples.
MATERIALS AND METHODS
Sample preparation. Sediment samples were collected on 3 March 2009 and on 27 July 2009 as described previously (9) . Sediment cores were transported to the laboratory on ice and stored at 9°C. The samples were analyzed within 1 to 4 days of collection. The methane-utilizing bacteria Methylomonas sp. strain LW13 and Methylosinus strain LW4, previously isolated from the sediment of Lake Washington near Seattle, WA (2), were used for optimization experiments. Strains were grown at 30°C in 0.25-liter flasks, containing 25 or 50 ml NMS minimal medium (19) . Cultures were grown with shaking (at 200 rpm) for 1 or 2 days under a methane-air atmosphere (1:1) until early exponential phase (optical density at 600 nm [OD 600 ] of 0.1 to 0.3). For imaging experiments, 1 ml of cell culture was added to the observation FCS2 chamber without a microaqueduct slide (Bioptechs Inc., Butler, PA) and allowed to incubate for 10 min at room temperature. The chamber's 40-mm-diameter glass coverslip had previously been treated with poly-L-lysine (catalog no. P8920; Sigma-Aldrich) as directed by the vendor to promote cell adhesion to the surface. Prior to imaging on the microscope, the liquid was removed and replaced with 3 ml of medium from the same culture sample after it was passed through a 0.22-m filter (Millipore). Lake Washington sediment samples were handled in a similar manner, with 1 ml of sediment slurry added directly to the chamber. Following a 10-min incubation time, the sample was first washed with two 1-ml aliquots of filtered Lake Washington water to remove any cells or sediment not adhered to the coverslip. Then 3 ml of filtered lake water was added for imaging.
Microscopy. Cells were observed at 24°C using a 63ϫ oil immersion objective (numerical aperture [NA] of 1.40) on a Zeiss Axiovert 200M microscope with an LSM 510 META attachment for confocal imaging. To maximize the number of cells observed in a single experiment, multiple locations on the coverslip were imaged at each time point. An autofocus macro was run at each location prior to imaging to eliminate z-axis drift between images. RedoxSensor green (RSG) and propidium iodide (PI) were obtained as parts of the BacLight RedoxSensor green vitality kit (Invitrogen). RSG was excited with a 488-nm laser, and its emission was detected from 500 to 530 nm. To ensure that the changes in detected fluorescence levels did not saturate the detector during a run, a set of 3 or 4 images with increasing detector gain settings were taken at each location for every time point. Transmittance images were also collected at each location. Times between each image set varied from 5 to 9 min. Membrane dyes (FM1-43 and FM4-64) were obtained from Invitrogen (Molecular Probes) and used according to the manufacturer's instructions. FM4-64 was excited with a 543-nm laser, and its emission was detected with wavelengths longer than 560 nm.
Several time points were taken before adding RSG to assess background fluorescence. Because the stock solution of RSG (1 mM) was viscous and prone to causing shifts in the image when added, 3 l of RSG was first added to 50 l of filtered medium or lake water, depending on the sample. The diluted RSG was then added to the sample chamber (1 M final concentration), and the sample was imaged for at least another 20 min to establish a stable RSG fluorescence level before substrate addition. The final methanol concentrations in the sample chamber were 250 M for Methylomonas sp. strain LW13 and Methylosinus strain LW4 and 25 M for Lake Washington sediment samples. Cells were monitored for at least 4 h after the substrate addition. In order to estimate the number of dead cells, PI was added at the end of each run, and the samples were imaged for another 15 min. The proportion of dead cells did not exceed 1% of total cells observed.
Image processing. Images were analyzed using a cell-tracking and analysis program written in-house using Interactive Data Language (Research Systems Inc.). A cell-tracking algorithm detected cells in each frame with a minimum number of contiguous pixels with intensities above a determined threshold. Several measurements were extracted for each cell: average intensity per pixel, number of pixels with an intensity value above the detector's saturation level (see "Microscopy" above), and cell location. The cell locations were determined by a centroid fitting method. The tracking algorithm followed cells by connecting nearest neighbors (with a maximum of 2-m difference) in successive frames, adjusting for image drift in the xy plane over the entire course of the experiment. Most cells adhered well to the coverslip, so long-distance travel of cells was rare. Cells leaving or new cells arriving in the field of view were also detected and identified as such. Since a set of multiple detector gain settings were collected at each location, the algorithm also matched up cells within a set to maintain consistent cell numbering and for finding the optimal intensity profile for determining the response type.
For each detected cell, the analysis program displayed an average intensity versus time plot for all gain settings where RSG intensity was detected. Information on the cell location and number of saturated pixels was also provided. Prior to classifying the response, the reliability of the fluorescence data was visually assessed with a movie of the fluorescence and transmittance images. Possible reasons for cell preclusion were cell movement into and out of the focus plane (nonstable fluorescence level), cells being indistinguishable from each other due to overlap, and incoming cells adhering to the surface after substrate addition (no knowledge of presubstrate intensity). After determining that a cell was viable for analysis, the trend of RSG fluorescence was assessed manually (constant, increase, decrease, etc). The analysis program is available to interested users from the lab website (https://depts.washington.edu/mllab/), although it will require an Interactive Data Language license from Research Systems Inc. to run (contact corresponding author for more information).
RESULTS

RedoxSensor green as a respiration sensor. (i) Pure culture responses.
The basis of the respiration response imaging (RRI) approach is the assumption that cells able to respire using a given substrate will respond with a significant increase in respiration when provided with that substrate and thus will show a substrate-dependent increase in RedoxSensor green (RSG) fluorescence. RRI detects this change by detecting and monitoring the fluorescence of single cells before and after the addition of the substrate. To prove this concept, RRI was first tested with two cultures of methanotrophic bacteria, Methylomonas sp. strain LW13 (type I, gammaproteobacteria) and Methylosinus sp. strain LW4 (type II, alphaproteobacteria) using methanol as a substrate for activation of the respiratory system. Both cultures were grown on methane as the carbon and energy source. Since methane has low solubility, it quickly escapes from the medium when cells are transferred from the cultivation vial to the experimental chamber. Likely as a result of electron donor elimination, most cells of both methanotrophic cultures displayed low rates of RSG reduction in the absence of added substrate. Fig. 2 and Table 1 . As expected, fluorescence was detected in cells only after the addition of RSG to the sample, and it reached a stable level within 10 min. Cells classified as constant (n ϭ 19; 11%) showed a constant level of fluorescence for more than 4 h after the methanol was added, indicating no increase in respiration upon the addition of substrate. The majority of the cells (n ϭ 145; 85%) increased respiration in response to the new substrate as shown by the increase in fluorescence following methanol addition. In all cases, increase in fluorescence intensity took place shortly after the substrate addition, reached a plateau after a variable time, and remained constant for the remainder of the experiment. The plot labeled increase in Fig. 2 is an example of a moderate increase in fluorescence intensity over 20 min. Interestingly, the length of time required to reach the plateau varied greatly from cell to cell (Fig. 3) . Seventy-eight percent of the cells reached the plateau in under 30 min, while a few cells (2% population) take longer than 1 h. Several tracked cells (4%) had intensity profiles that could not be easily classified into one of the above categories, for instance, the cell showing first an increase and then a decrease in fluorescence as shown in Fig. S1 in the supplemental material. These were classified as "other."
For the A set of additional measurements of O 2 -dependent respiration of the Methylomonas sp. strain LW13 and Methylosinus sp. strain LW4 cultures was performed and compared with RSG staining. We used flow cytometry to estimate the number of respiring cells (stained with RSG) and employed a phosphorescence-based assay to monitor oxygen consumption (17) . Samples with the source of electrons eliminated displayed a low rate of O 2 consumption (see Table S1 in the supplemental material), and fewer cells exhibited green fluorescence (see Fig. S2 in the supplemental material). An immediate increase (50%) in oxygen consumption was observed after the addition of methanol. The number of fluorescent cells also increased proportionally (see Table S1 and Fig. S2 in the supplemental material).
(ii) Lake Washington sediment. Having shown that it was possible to detect the increase in respiration in cultured cells using RRI, this technique was applied to environmental samples. Lake Washington sediment samples were tested for the presence of methylotrophic bacteria by assessing the change in respiration in response to methanol. Methanol was used as a general methylotrophic substrate, since many methanotrophic and nonmethanotrophic methylotrophs are capable of metha- a This category (Other) includes cells that could not be easily classified into one of the other categories (for instance, the cell showing both an increase and then a decrease in fluorescence shown in Fig. S1 in the supplemental material) . . This concentration of C 1 substrate was optimal for stimulation of the RSG-linked responses in sediment samples (10) . Sediment slurry was added directly to the observation chamber, and on the basis of the transmission and fluorescence images, cells were observed adhering to both the coverslip and debris (Fig. 4) . Small debris and high background autofluorescence of the sediment samples made automatic detection and counting of cell by conventional approaches, such as transmittance imaging or 4Ј,6Ј-diamidino-2-phenylindole (DAPI) staining, difficult.
We also found that FM1-43 and FM4-64 are not efficient for environmental cell staining, as the majority of metabolically active (RSG-positive) cells were not labeled by these membrane-selective dyes. In contrast, while RSG stains only metabolically active (respiring) cells, it did not produce any background fluorescence with sediment samples. Thus, for environmental samples, the number of cells positively responding to addition of methanol was compared to the number of cells that displayed some redox activity.
As would be predicted from previous estimates of the proportion of methylotrophic cells of all cells in sediment (3), the RSG intensity did not increase for the majority of the cells following the substrate addition. The increase was visible in about a quarter of the cells (Table 1 ). Figure 5 shows examples of cells with either rapid or slower increase rates compared to an example showing no change, similar to the patterns observed in the pure culture experiments described above. In addition to these patterns, approximately 17% of the detected cells showed either a very slow increase (example in Fig. 5 ) (7.3%) or a very slow decrease (9.9%) in intensity that never leveled out before the end of the experiment. It was not possible to determine whether this response was methanol dependent due to the slow change, so these cells were put in separate categories. In general, the sediment sample cells showing a substantial intensity increase in response to the substrate took longer to reach the plateau than the cultured cells. While the time distribution (Fig. 3) for both is skewed toward shorter times, some as short as 5 min, in the sediment sample, 40% of cells that responded to the substrate still had not reached a fluorescence intensity plateau after 1 h, with some taking more than 2 h. These results suggest that screening of samples from the environment for a few hours would be sufficient to detect all responding cells, a protocol that is very feasible with the system described here.
DISCUSSION
One of the challenges when studying complex microbial communities in the natural environment is coupling function to specific cells within that community. Here, we present a nearly real-time RedoxSensor green (RSG)-based method for detecting cells that exhibit substrate-specific respiration, which we term respiration response imaging (RRI). RRI can be used to observe relative differences in respiration with fluorescence imaging, making it possible to characterize the response of individual cells over time to a specific substrate. In this study, we used RRI for characterization of methylotrophic capability (methanol oxidation) among bacterial populations. To assess the capabilities of RRI and optimize the experimental conditions, pure cultures of a methanotrophic bacterium known to use methanol as a substrate were initially investigated. Easily detected increases in RSG fluorescence in individual cells of Methylomonas sp. strain LW13 and Methylosinis sp. strain LW4 after methanol addition demonstrated that RRI can be used efficiently to locate single cells responding to a substrate in a community. Despite using samples of log-phase culture, significant differences in the response were observed between individual cells. Roughly 10% of cell populations showed no change in fluorescence following the methanol spike. The low initial fluorescence of these cells suggested that they were in a low-capacity physiological state, and their lack of response suggested that they were unable to utilize methanol as an electron donor. The majority of these low-RSG-intensity cells were propidium iodide (PI) negative (data were not shown), indicating that these cells were viable. The presence of cells with low RSG fluorescence has been observed previously with other pure cultures of methylotrophs (10) . Cells that did respond with an increase in fluorescence showed variability in the time to reach maximum fluorescence following stimulation, which could indicate differences in the physiological state of individual cells.
In the Lake Washington sediment samples, cells showing no strong increase in fluorescence intensity after the substrate addition were considered non-methanol-utilizing species. However, some of these cells, similar to the nonresponding Methylomonas sp. strain LW13 cells, might have been methylotrophs in a nonresponding physiological state. Some cells in the environmental samples showed a slow increase or decrease in RSG intensity, which was not observed in the cultured cells. It is possible that a slow decrease in the fluorescence intensity could be the result of a toxic effect by methanol or by RSG. Methanol poisoning is possible, due to nonspecific oxidation of methanol to formaldehyde, which can cause damage in cells that have not adjusted to handle this toxic intermediate. So far, no toxic effect has been described for RSG. However, it is possible that some cells in natural environments could be sensitive to RSG accumulation or RSG-linked disturbance of the redox balance. A slow increase in RSG intensity may be attributed to the influence of a secondary metabolite (for instance, formate) produced by methanol utilizers. However, it seems rather unlikely, since the cell density in the observation chamber was low. In general, the slowly responding cells had relatively high initial RSG intensities, thus a slow increase in RSG accumulation does not necessarily indicate a low metabolic activity. It is more likely that these cells were slowly using an endogenous storage material or an exogenous substrate present in the lake water. About 22% of the cells that showed detectable RSG fluorescence (active cells) were classified as stimulated by methanol. This estimation is consistent with other estimates of the relative methylotrophic population in Lake Washington sediment by blot quantification, polar lipid fatty acid analysis, total methane oxidation rate calculations, and metagenomic analysis (3, 9) .
Our results suggest that RRI represents an accessible tool in screening environmental samples with a specific goal of detecting metabolically active cells (Fig. 6 ). Given that RSG is an indicator of bacterial reductase activity, and by extension respiratory activity, these methods should be applicable for a variety of substrates. The identified cells could then be targeted for isolation and enrichment or genetic analysis, such as fluorescence in situ hybridization (FISH)-based identification or cell transfer followed by whole-genome amplification, PCR surveys, or genome sequencing. RRI can potentially be used for metabolic profiling of cells of interest and then combined with other imaging techniques, such as nanoSIMS, in order to further refine the knowledge on their physiological capabilities. Because RRI allows spatial recognition of single cells, even if they are adhering to debris, sediment samples (and likely other types of environmental samples) do not require any special separation or filtration steps prior to observation and imaging, a feature providing an advantage over other functional enrichment methods, where such steps may accidentally remove cells of potential interest. FIG. 6 . Example of cell selection in an environmental sample from Lake Washington using respiration response imaging with methanol as a substrate. The cells were classified as follows: no response to methanol addition (white circle); strong increase in response to methanol addition (red star); and likely no response, although a slow increase or decrease possible (orange square). Cells without circles are unclassifiable because they moved in and out of the plane of focus during the measurement or landed after the addition of the substrate.
